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Abstract:  In this research, the effects of centrifugal radius and mould rotation speed on microstructure in 
centrifugal-cast Al-Cu alloy have been investigated. The results show that, with increase of the centrifugal radius 
or mould rotation speed, the grain size of centrifugal-cast Al-Cu alloy decreases gradually, while the content of 
white phases containing the Al2Cu precipitated from α-phase, divorced eutectic and regular eutectic microstructure 
increases, leading to higher Cu macrosegregation. The variation level of microstructure in centrifugal-cast Al-Cu 
alloy at 600 rpm of mould rotation speed is greater than that at 300 rpm. 
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he microstructure of castings is of great importance 
due to its role in mechanical properties. In general, 
grain refining methods currently available include change in 
processing parameters (e.g. for rapid cooling), mechanical 
vibration, addition of grain refinement agent and so on. With 
the development of solidification technology, many new 
microstructure refining processes have emerged, in which 
the external field processing is a remarkable method. The 
centrifugal force field
[1-5] is an optimal external field processing 
method for its low cost and low casting defect, as well as high 
efficiency and precision
[6-8]. Thus, the centrifugal force field is 
an advanced materials processing and preparation method.
Al-Cu alloy is a high strength-ductility cast alloy. It is 
often used to cast large structures and bearing components to 
realize the integrated casting structure from assembly casting 
parts. Al-Cu alloy substituting for some forging blank may 
decrease production cost. Therefore, the Al-Cu alloys have 
been widely used in aerospace, automobile, and airplane 
applications 
[9-10]. Although a great number of researches on 
Al-Cu alloys have been conducted, little has been reported on 
grain refining by means of the centrifugal force field. Hence, 
in the present work, the effects of centrifugal radius and mould 
rotation speed on the grain size, content of white phases and 
segregation have been investigated. In addition, the evolution 
laws of microstructure in centrifugal-cast Al-Cu alloy have 
also been studied. 
1 Experimental
The Al-Cu11 (wt%) alloy was prepared with a resistance 
furnace by melting the pure Al (99.9wt%) and Cu (99.9wt%) 
raw materials in a graphite crucible at 740 ℃ for 5 min. When 
the centrifugal turntable rotated smoothly, the molten Al-Cu 
was poured into the permanent mould which was preheated 
at 100 ℃. The mould rotation speeds used in the experiment 
were 0 rpm, 300 rpm and 600 rpm, respectively. The rotation 
direction was clockwise. The casting mould employed for this 
work is shown in Fig.1, where 0 and r are rotating center and 
centrifugal radius, respectively. Positions 0, 1, and 2 are in the 
same straight line. The vertical distance is 5 mm from position 
1 to X axis. 
Metallographic specimens were taken from positions 1 
and 2 of the Al-Cu alloy casting along X-axis direction, and 
the centrifugal radius was 0.2 m at position 1 and 0.16 m at 
position 2, respectively, as shown in Fig.1. The specimen 
dimension was 10 mm × 10 mm × 4 mm. The specimen 
preparation for metallographic observation included (a) 
grinding using SiC papers from 220 up to 1200 grit, (b) 
diamond paste polishing, (c) ultrasonic cleaning for five 
minutes, and (d) etching (1vt.% HF-1vt.% HNO3-98vt.% H2O) 
for 10-20 s. An optical microscope (OLYMPUS BH2-UMA) 
was used for the observation of the specimens. The grain sizes 
were measured with the Digital Micrograph. By means of a 
scanning electron microscope (S-570SEM) with EDS, the 
microstructure and alloy composition in different parts of the 
specimens were analyzed. The contents of white phases (in 
area percentage) in corresponding parts of the specimens were 
determined using a Micro-color Image Analysis System V5.2.CHINA FOUNDRY Vol.7 No.1
44
(a) (b)
2 Results and discussion
2.1 Effect of centrifugal radius and mould 
rotation speed on grain size
Figure 2 shows the micrographs of Al-Cu alloy with 
various mould rotation speed and centrifugal radius. In 
Figs. 2(a) and 2(b) with the same mould rotation speed of 
0 rpm, the solidification structure of the casting is almost 
entirely dendritic with very limited equiaxed grain structure. 
Comparing Fig.2(a) with Fig.2(b), it could be noted that there 
is a negligible difference in grain size. This is due to the fact 
that the cooling rates in position 1 and position 2 are the same 
at the rotation speed of 0 rpm.  
It can be seen that the solidification structures shown in 
Figs. 2(c) through 2(f) are all equiaxed grain structures with a 
mould rotation speed of 300 rpm or 600 rpm. Obviously, their 
grain sizes are finer than those in Figs. 2(a) and 2(b). 
Figure 3 presents the effect of centrifugal radius on grain 
size at the rotation speed 300 rpm and 600 rpm, respectively. 
It is clear that grain size decreases gradually with increasing 
the centrifugal radius, and that at the same centrifugal radius, 
the grain size at 600 rpm is finer than that at 300 rpm. This is 
attributed to the following reasons.
As the centrifugal radius increases, finer microstructure is 
formed. The most probable mechanism is the combined effect 
Fig.1: Steel mould for centrifugal casting (the arrow indicates the cutting position)
 (f) Position 2, 600 rpm
Fig.2: The optical microstructure of Al-Cu alloy at different centrifugal radius for various mould rotation
 speeds in centrifugal casting
(a) Position 1, 0 rpm (b) Position 2, 0 rpm  (c) Position 1, 300 rpm
(d) Position 2, 300 rpm (e) Position 1, 600 rpm
of centrifugal force, mechanical vibration and convective 
flow 
[3, 5, 11]. In the centrifugal process, the turbulence in the 
liquid becomes more intensified inside the mould, enhancing 
that the detached melt (solidified fractions) may collide 
with each other and fracture into small fragments. Similarly, 
the inherent vibration of the equipment also increases the 
number of fragments. These fragments move outside along 
the centrifugal radius direction and accumulate at the farther 
position. These fragments act as new nuclei and consequently 
increase the number of solidification sites in the inner part of 
the casting, resulting in the finer equaled grain size with radial 
distance. In this work, the effect of centrifugal pressures on 
(a)
(d)
(b)
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Fig.3: Effects of centrifugal radius on grain size of
           centrifugal-cast Al-Cu alloy for various mould
           rotation speeds
solidification diagram is completely negligible based on the 
numerical values worked out from the Clausius-Clapeyron 
equation. Thus, the solidification diagram remains the same 
during the centrifugal process. Due to lower rotation speed in 
the experiment, the microstructures are greatly different from 
those obtained in literatures [4, 12].
It can be also seen in Fig. 3 that the difference in grain size 
between position 1 and position 2 at 300 rpm is smaller than 
that at 600 rpm. This is because the centrifugal force and the 
turbulence affect significantly the number of fragments so as to 
increase the difference of solidification sites between position 1 
and position 2 at a higher rotation speed. Thus, the difference of 
grain size between position 1 and position 2 at 600 rpm is larger.
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2.2 Effect of centrifugal radius and mould  
rotation speed on the content of white 
phase and segregation
Figure 4 shows the microstructure of centrifugal-cast Al-Cu 
alloy. The content of white phases (area %) and the effect of 
rotation speed on it are shown in Fig.5. Figure 6 presents the 
effect of rotation speed on the content of Cu element (wt%). 
From Figs.5 and 6, it can be seen that the contents of white 
phases and Cu increase with the increase of rotation speed 
for the same position. As the centrifugal radius increases, 
the contents of white phases and Cu are basically the same 
at 0 rpm, while they increase at 300 rpm and 600 rpm. The 
increasing rate of the contents of white phases and Cu at 
600 rpm is higher than that at 300 rpm with increase of the 
centrifugal radius. To understand this, it is necessary to 
examine the equilibrium phase diagram for binary aluminum 
alloys with Cu. During the Al-Cu alloy solidification process, 
the primary α first precipitates from the liquid metal, and then 
as the eutectic transformation temperature is reached, the 
eutectic reaction takes place and forms simultaneously α phase 
and Al2Cu phase. The α-phase produced by eutectic reaction 
grows adherently to the primary α-phase. The Al2Cu phase 
distributes at the grain boundaries of α-phase. This is because 
the Al-Cu alloy used in this experiment is a hypoeutectic alloy, 
and divorced eutectic partially transforms during the eutectic 
reaction. With further decrease in temperature, the Al2Cu phase 
precipitates from the α-phase. The white phases in SEM image 
consist of Al2Cu phases precipitated from the α-phase and the 
Fig.4: Microstructures of the centrifugal-cast Al-Cu alloy
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300 rpm
600 rpm
(a) Position 1, 0 rpm  (b) Position 2, 0 rpm (c) Position 1, 300 rpm
(d) Position 2, 300 rpm (e) position 1, 600 rpm (f) position 2, 600 rpm
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divorced eutectic, as well as normal eutectic microstructure. 
Under the action of the density difference, the α-phase moves 
towards the rotating center while the Al2Cu phase moves away 
the rotating center, resulting in the segregation. With increase 
of the centrifugal radius and the mould rotation speed, on the 
one hand, the segregation worsens, resulting in higher amount 
of white phase and Cu, and on the other hand, the amount of 
α-phase also increases because the eutectic point is shifted to 
the right
 [13] and the cooling rate increases 
[1, 3]. But the effect of 
the compositional segregation is the primary reason for the α 
phase increase.
3 Conclusions 
(1) With increase of the centrifugal radius and mould 
rotation speed, the grain size of centrifugal-cast Al-Cu alloy 
decreases, and the contents of white phase and Cu increase.
(2) Compared 600 rpm with 300 rpm, the variation 
amplitude of microstructure of centrifugal-cast Al-Cu alloy 
increase with increasing the rotation speed. 
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Fig.5: Effects of mould rotation speed on the content 
of white phase
Fig.6: Effects of mould rotation speed on segregation